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Abstract 
The billet was prepared by putting the aluminum bar into the silver tube, and the silver clad aluminum wire was 
fabricated through cold hydrostatic extrusion and subsequent drawing. The effects of annealing parameters on the 
interface and properties of the wires were investigated. The results showed that when the annealing temperature was 
below 150℃ and annealing time was less than 30min, no new phase was observed obviously, while new phase could 
be observed when the temperature reached above 200℃. The results of energy spectrum analysis showed that new 
phase were mainly Ag3Al electronic compound (μ phase) which was hard brittle phase with the β-Mn structure. The 
effects of annealing temperature and time on the interface were different: for any annealing time in this study, the 
width of the interface rose markedly with the increase of annealing temperature, while annealing time had no 
significant effect on the width of interface when the temperature was low. Only when the temperature was 
comparatively high, the increment rate of width of the interface gradually increased with the rise of annealing time. 
The width of interfaces was 5~7µm, 7~9µm and 10~12µm after annealing treatment under the temperature of 150℃, 
200℃ and 300℃ respectively for 30 minutes. If the annealing temperature was lower than 200℃, the main way was 
that silver diffused towards aluminum, but when the annealing temperature was up to 300℃, the reverse diffusion 
occurred. When annealing temperature was 150℃ or 200℃, the tensile strength of composite wire decreased after 
increased with the increment of annealing time, while when it was 300℃, the tensile strength always increased. The 
elongation percentage of composite wire had an adverse change compared to that of tensile strength. The reason for 
the change of mechanical properties of composite wire is mainly that mechanical properties was synthetically 
influenced by three mechanisms called annealing softening, diffusion phase transformation of interface and alloying 
of sheath and core because of their interdiffusion. Annealing softening produced dominant effect in lower annealing 
temperature and shorter annealing time condition, while the other two mechanisms had main effect in higher 
annealing temperature and longer annealing time condition.   
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界面中新生成的相主要为 Ag3Al 电子化合物（μ 相）。退火温度和退火时间对界面的影响规律不同：随退火
温度增加，无论在哪一退火时间下，界面层厚度均增加比较显著；而同一退火温度下，尤其是在退火温度较
低时，增加退火时间时，界面厚度增加并不明显，但退火温度提高时，界面层厚度随退火时间增加的趋势加
快；在 150℃、200℃和 300℃的温度下退火 30分钟后，界面层的厚度分别为 5~7µm、7~9µm和 10~12µm。
低于 300℃时界面扩散过程以银向铝中扩散为主，但当温度升高到 300℃时，铝也开始明显向银一侧扩散。
























度均为 100mm，银管的外径和内径尺寸分别为 Φ20mm和 Φ14mm，铝棒的直径为 Φ14mm。通过
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静液挤压制备了外径为 Φ6mm 的银包铝线材，再采用拉拔成形制备直径为 Φ125µm、包覆银层厚
度约 20µm的银包铝复合丝材，图 2为丝材照片。 
 
图 1  银包铝静液挤压原理图 
Fig.1. Illustration for apparatus of hydrostatic extrusion for silver clad aluminum (1-aluminum core rod; 2-silver clad;  3-die; 4-high 
pressure fluid; 5-tailstock; 6-high pressure container; 7-high pressure plunge) 
表 1 实验所用银和铝的性能 
Table 1. Standard performance of silver and aluminum used in this experiment 
Materials Purity Melting point 
Yield 
strength Density Hardness 
Thermal expansion 
coefficient (HV) 
Ag 99.95% 961.8℃ 160MPa 10.5g/cm3 71 18.90×10-6K-1 
Al 99.999% 660.3℃ 76MPa 2.7 g/cm3 20 22.20×10-6K-1 
2.2. 实验方法 






表 2 银包铝复合材料退火工艺 
Table 2. Annealing processing 
Sample No. 1 2 3 4 5 6 7 8 9 
Annealing temperature（℃） 150 150 150 200 200 200 300 300 300 
Annealing time（min） 10 30 60 10 30 60 10 30 60 
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图 2 银包铝丝材形貌照片 
Fig.2. Photograph of silver clad aluminum composite wire: (a) sample coils; (b)SEM photo of suface morphology of wire; (c) SEM 
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图 3 铜铝界面的 SEM照片和经过不同退火工艺后试样界面附近的线扫描结果 
Fig. 3. SEM image and line scan results of interface of samples annealed under different processing conditions:(a) SEM image of 
line scan; (b) 150℃for 10 min; (c) 150℃ for 30 min; (d) 150℃ for 60 min; (e) 200℃ for 10 min; (f) 200℃ for 30 min; (g) 200℃ 
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图 4 不同温度退火后复合界面高倍数 SEM形貌及界面微区成分点扫描分析 
Fig. 4. High magnified SEM images and micro zone point scanning analysis of the interfaces of silver clad aluminum under 
different annealing temperatures for 30 minutes: (a) Morphology of transverse section of silver clad aluminum; (b) 150℃; (c) 200℃; 
(d) 300℃；from A to B: the distance of point scanning 
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区域如图 4 所示，图中各点成分如表 3 所示。从扫描结果可以看出，随着退火温度的升高，过渡
层的厚度逐渐增大，经 150℃、200℃和 300℃退火 30 分钟后的厚度分别为 5~7µm、7~9µm 和
10~12µm。而界面附近的成分随距离变化的结果表明，扩散过程确实是以银向铝中扩散为主；但
当温度升高到 300℃时，铝也开始明显向银一侧扩散。 
表 3 不同温度退火后图 4中各点能谱分析结果 
Table 3. Energy spectrum analysis results of points in Fig.5 for specimens under different annealing temperatures 
Points Elements 


















Al 100 100 100 100 100 100 100 100 
Ag 0 0 0 0 0 0 0 0 
2 
Al 100 100 100 100 100 100 100 100 
Ag 0 0 0 0 0 0 0 0 
3 
Al 94.93 98.68 100 100 100 100 96.26 99.04 
Ag 5.07 1.32 0 0 0 0 3.74 0.96 
4 
Al 77.44 93.21 50.47 80.29 50.51 80.31 53.49 82.14 
Ag 22.56 6.79 49.53 19.71 49.49 19.69 46.51 17.86 
5 
Al 54.89 82.95 38.08 71.09 28.11 60.99 31.52 64.79 
Ag 45.11 17.05 61.92 28.91 71.89 39.01 68.48 35.21 
6 
Al 21.47 52.22 10.11 31.01 13.71 38.86 26.12 58.57 
Ag 78.53 47.78 89.89 68.99 86.29 61.14 73.88 41.43 
7 
Al 0 0 0 0 0.89 3.43 14.37 40.15 
Ag 100 100 100 100 99.11 96.57 85.63 59.85 
8 
Al 0 0 0 0 0 0 11.22 33.57 
Ag 100 100 100 100 100 100 88.78 66.43 
9 
Al     0 0 0 0 
Ag     100 100 100 100 
10 
Al       0 0 
Ag       100 100 
 
由 Ag-Al 相图可知，在 300℃时 Ag 中 Al 的固溶度（原子百分含量）约为 12.5%，温度为
200℃时其固溶度降低到约 8.75%，当温度降到室温时，其固溶度只有 7%左右。因此，若退火时
原子扩散使溶质原子浓度达到饱和或大于其在室温时的固溶度（原子百分含量超过 7%）时，则
当温度降低到室温时，在界面层就会产生电子化合物 Ag3Al，在低温时其为 β-Mn结构，即 μ相[14, 
15]，是一种复杂有序的立方结构，具有高的硬度。从表 3 的成分分布看，在 150℃、200℃和
300℃退火 30分钟后，图 4(b)和(c)中的第 6点及图 4(d)中的第 7和第 8点均出现了富 Ag一侧 Al
的含量远大于 7%的情况，因此可以推测，这些点附近的界面层会有 μ相析出。 
 
 





































































图 5 退火温度和时间对界面层厚度的影响 


























层厚度仅约 20µm，当在 300℃经过 30分钟以上时间退火或在 150℃和 200℃经过 60分钟长时间
退火时，不但银向铝芯材扩散使芯材部分合金化，强度提高，同时铝也开始向银一侧扩散，导致
银包覆层部分合金化，也会使丝材强度得到提高。如图 6(c)和(d)所示，300℃不同时间退火以及

























































































图 6 退火温度与时间对银包铝丝材力学性能的影响 
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4. 结论 
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